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In eight fetuses (gestational age 140 + 2 d), catheters were inserted into hind-limb and neck arteries and veins, and into an umbilical vein. After returning the fetus to the uterus and administering a muscle relaxant (succinylcholine chloride), blood gases, glucose and lactate concentrations, and plasma catecholamine and atrial natriuretic peptide concentrations were measured. Fetal combined ventricular output and organ blood flows were measured by the radionuclide-labeled microsphere technique. Measurements were repeated after delivering the fetus into a warm water bath (40°C) and at 15 and 30 min after the bath temperature was cooled to 25OC. Fetal cooling stimulated a sympathoadrenal response, which was manifested by an immediate increase in heart rate and arterial blood pressure, a rise in atrial natriuretic peptide, and a modest increase in norepinephrine concentration. Contrary to earlier reports that investigated the effect of cold on fetal lambs using an intrauterine cooling coil, we did not find a decrease in fetal arterial oxygen tensions and pH, an increase in plasma glucose and lactate concentrations, or changes in fetal oxygen consumption. Combined ventricular output did not increase with cooling, and blood flow to most organs did not change significantly; however, blood flow to the skin decreased markedly, particularly in the lower body. The dramatic increases in catecholamine concentrations often noted after birth do not appear to be related to surface cooling; it is suggested that hyposemia and acidemia occurring at the time of delivery could be responsible. (Pediatr Res 34: 47-50, 1993) Abbreviations ANP, atrial natriuretic peptide Birth is a complex process involving rapid adjustments in many organ systems. Previously, we have reported that rhythmic expansion of the lungs, oxygenation, and placental separation result in some of the hemodynamic changes occumng normally after birth (1,2) but did not produce the large increase in cardiac output that occurs in newborn lambs after delivery (3, 4) . We entertained the possibility that the usual rise in cardiac output after birth was associated with perinatal sympathoadrenal stimulation, because it is well known that plasma catecholamine concentrations are very high in newborn animals and infants (5, 6) . In our study, as well as in the study of Smith et al. (7) , catecholamine concentrations did not increase with ventilation, oxygenation, and umbilical-cord clamping in zrtero. However, fetal temperature was not changed in these studies. Because of the dramatic fall in environmental temperature when the fetus is delivered from the utenis into the atmosphere, we considered the possible role of cold in producing sympathoadrenal stimulation and increasing cardiac output in fetal lambs.
In the present study, fetal lambs were instrumented in utero, delivered into a warm-water bath while maintaining the umbilical-placental circulation, and then subjected to surface cooling. Fetal cardiovascular variables and regional blood flow, pH, and blood gases, plasma catecholamine, atrial natriuretic peptide, blood glucose and lactate concentrations, and oxygen consumption were measured during these events. We also measured ANP concentrations because we hypothesized that surface cooling might produce peripheral vasoconstriction and divert blood volume into the central circulation, with a resulting increase in atrial blood volume.
MATERIALS AND METHODS

Animals and szirgicalpreparation.
Before the initiation of these studies, all surgical and experimental procedures were approved by the Committee on Animal Research at the University of California, San Francisco. We studied eight fetal sheep at 135 to 143 d gestational age (mean k 1 SD: 140 + 2 d). The ewe was fasted for at least 24 h before surgery. After local anesthesia with 2% lidocaine, low epidural anesthesia was achieved with 4 mL of I % tetracaine hydrochloride (Pontocaine HCI; Breon Laboratories, New York, NY). Polyvinyl catheters were advanced into the ewe's descending aorta and inferior vena cava. NaCl 0.9% solution was infused continuously into the ewe, and 50 to 100 mg of ketamine hydrochloride (Ketalar; Parke-Davis, Moms Plains, NJ) was administered to the ewe as necessary to maintain sedation.
Through a midline incision in the ewe's abdomen, the pregnant horn of the uterus was exposed, and a uterine incision was made overlying the fetal hind limbs. Local anesthetic (0.25% lidocaine hydrochloride) was administered before each fetal skin incision. Polyvinyl catheters were placed in the fetal descending aorta and inferior vena cava via the hind-limb vessels. The fetal skin and uterine incisions were sutured. A cotyledonary vein was identified, and a catheter was inserted and advanced toward the fetus so that the tip was positioned in one of the main umbilical veins. A second uterine incision was made overlying the fetal neck, and polyvinyl catheters were inserted into the carotid artery and external jugular vein.
Experitnental procedzrre. Fetal arterial blood pressure and heart rate were monitored continuously throughout the experimental period, using Statham P23Db strain-gauge transducers and Beckman R612 (Beckman Instruments, Inc., Palo Alto, CA) or Gould 2800s (Gould, Inc., Cleveland, OH) polygraphs. Heart rate was recorded with a cardiotachometer triggered by the arterial pressure pulse. Blood samples were obtained from the descending aorta for determination of pH, Po2, Pco2 (corrected to actual fetal temperature), blood oxygen saturation, and Hb concentration (model 158 Blood Gas Analyzer, Coming Medical, Medfield, MA; model OSM2 Hemoximeter, Radiometer, Copenhagen, Denmark) and for determination of glucose and lactate concentrations (models no. 23A and 23L glucose and lactate analyzers, Yellow Springs Instrument Co., Yellow Springs, OH). Blood samples were also collected for assay of norepinephrine and epinephrine concentrations by HPLC and electrochemical detection (ESA model 5700, ESA Inc., Bedford, MA). The technique has been reported previously (8) . Blood was also collected for measurement of ANP concentrations by RIA, as described in detail previously (9) . Combined ventricular output and blood flow distribution of the fetus were determined by injecting four differently labeled 15-pm microspheres (selected from 75Co, 51Cr, '"Gd, 'I4In, 54Mn, 95Nb, "'Sn, "Sr, or 65Zn; New England Nuclear, Boston, MA) into the inferior vena cava while obtaining reference samples at a rate of 4 mL/min from the descending aortic and carotid arterial catheters. The volume of blood removed for analyses and for flow reference samples was replaced with an equal volume of fetal donor blood, or, in a minority of cases, with maternal blood.
Before obtaining any measurements, we injected succinylcholine chloride, a muscle relaxant, into the fetal vein in a dose of 10 mg. This dose was repeated every 15 to 20 rnin throughout the procedure to avoid fetal movement or shivering when exposed to cold. The fetus was first studied in utero and then after delivery into a water bath. Special care was taken to avoid tension or pressure on the umbilical cord during the exteriorization procedure. Blood samples were collected and flow measurements performed during four conditions: 1) with the fetus in zrtero (control condition), 2 ) 15 rnin after submersion of the whole fetus in a water bath at 39°C (warm bath condition), 3) after 15 rnin in a water bath of 25°C (cold bath condition), 4) after 30 min (core-cooling condition) after the water-bath temperature was lowered to 25"C, and 5) 30 rnin after rewarming the water bath to 40°C (rewarm condition). Blood flow was not measured during the rewarm condition.
Upon completion of the last set of measurements, the ewes were killed with an i.v. injection of 10 g of sodium pentobarbital (Euthanasia-6; Veterinary Laboratories, Lexena, KS). Combined ventricular output and its distribution were determined as described previously in detail (10) . Briefly, the uterus, individual fetal organs, skin, and carcass (bone and muscles) were dissected, weighed, placed in formalin, carbonized in an oven at 350"C, and ground into a coarse powder. The ash of the different tissues was then placed in plastic vials to a uniform height of 3 cm and counted in a 1000-channel multichannel pulse-height analyzer (Norland Corp., Fort Atkinson, WI). The activity of each isotope in each organ and tissue was determined by the least-squares method, as described previously (10) . Blood flow to fetal organs, skin, and carcass was calculated in each condition by comparing the radioactivity of the microspheres in each organ or tissue with the radioactivity and flow rate of the appropriate reference sample (brachiocephalic trunk for upper body organs and tissue, descending aorta for lower body organs and tissue), as described previously in detail (1 1).
Statistical analysis. All data are summarized as mean k 1 SD. Differences between mean values during the different conditions were assessed by one-factor analysis of variance in case of a normal distribution of the variables, followed by the NewmanKeuls test when a significant difference was found. The KruskalWallis one-way analysis of variance was used to analyze differences between plasma norepinephrine, epinephrine, and ANP concentrations, because these variables did not have a normal distribution, followed by the Wilcoxon rank-sum test when a significant difference was found. A p value c0.05 was considered statistically significant.
RESULTS
The values for fetal rectal temperature, arterial pH, Po2, Pco2, arterial oxygen saturation and oxygen consumption, and arterial glucose and lactate concentrations during the different conditions are summarized in Table 1 . All variables were stable, and no significant differences were found between the study periods except in fetal rectal temperature, which was significantly lower after 30 min in the cold water and after rewarming as compared with the in zrtero condition. The Po2 and oxygen saturation were within the range considered normal for fetal lambs in trtero, but Pco2 values were slightly higher and pH values slightly lower than those of chronically instrumented fetal lambs. Arterial glucose and lactate concentrations were stable throughout the study and within normal limits for fetal lambs in zrtero. Fetal blood Hb concentration was stable throughout the study period. Table 2 summarizes the hemodynamic data during the various conditions. Immediately after submersion in cold water (25"C), fetal heart rate and arterial blood pressure showed a steep increase. Heart rate and mean arterial blood pressure were significantly higher at 15 and 30 min after the start of cooling compared with the in zrtero and the warm bath conditions. During the rewarming condition, heart rate and blood pressure returned to values similar to those found in the warm bath. Combined ventricular outputs and umbilical-placental blood flows were somewhat lower than those reported previously for chronically instrumented fetal lambs. However, combined ventricular output, as well as placental blood flow, did not change significantly when the fetus was delivered into the warm bath, nor did it change during cooling.
Plasma norepinephrine and epinephrine concentrations did not change significantly when the fetus was delivered into the warm bath. Norepinephrine concentrations increased in each of the eight animals when the bath water was cooled, but epinephrine concentrations did not change significantly. ANP concentrations were significantly increased in the cold bath and returned to baseline values after rewarming (Fig. 1) . Table 3 summarizes the blood flows to various organs and tissues. Although, in most organs and body tissues, blood flows decreased somewhat with core cooling, this difference was not significant. However, with core body temperature reduction, there was a significant decrease of blood flow to the lower carcass and skin. In one lamb in which it was measured, brown-fat blood flow increased significantly after cold exposure as compared with in tctero and warm bath conditions. Total fetal vascular resistance increased after cooling, but this reached significance only after core cooling had occurred (Table 2) .
DISCUSSION
Exposure of the adult and newborn animal to cold stimulates the sympathoadrenal system, with an increase in heart rate, blood pressure, and cardiac output, redistribution of blood flows, a rise in catecholamine (particularly blood norepinephrine) concentrations, and an increase in oxygen consumption (12, 13) . We found that the fetal response is similar; heart rate and blood pressure increase, and norepinephrine concentrations rise. However, combined ventricular output did not increase, only a limited response of cardiac output distribution resulted, and fetal oxygen consumption did not increase.
The response to cooling has been studied in zitero in fetal lambs in which a plastic coil was placed around the chest or inserted into the abdomen, and cooling was induced by circulating cold water through the coil (14-16). Our preparation was different in several respects. The fetus was exteriorized so that the whole body could be cooled, the ewe was sedated with ketamine administered i.v., and the fetus was given succinylcholine to produce muscle paralysis. The latter was done to assess the effect of cooling without shivering. Ketamine produces only minor and transient hemodynamic effects in the doses we used (17, 18) . Fetal arterial Po2 was within the normal range for fetal lambs'chr~nicall~ instrumented in utero, but P C O~ was slightly higher and pH slightly lower than normal. This was the result of mild respiratory depression in the ewe, associated with some carbon dioxide retention. This mild acidemia did not affect baseline catecholamine concentrations, which were in the same range as those reported in chronically instrumented fetal lambs in zitero (19, 20) . Baseline ANP concentrations were also in the range found in fetal lambs in utero. However, in contrast with several other reported studies in which a similar preparation was used (14-16), metabolic acidosis did not develop in our fetal lambs. Furthermore, umbilical-placental blood flow, cardiac output, and organ blood flow showed no significant changes, and neither did pH or blood gases.
The increases in heart rate and blood pressure with cooling were similar to those reported with cooling in zitero (14) (15) (16) and could be the result of sympathoadrenal stimulation, as manifested by the rise in norepinephrine concentrations. Norepinephrine concentrations increased almost 3-fold in our study with cooling, but they did not reach the very high concentrations frequently noted in newborn animals or infants after birth. The birth events of ventilation, oxygenation, and umbilical cord occlusion, when performed on fetal lambs in zitero, had only minor effects on catecholamine concentrations (1, 7). Padbury et al. (21) found that exteriorization of fetal sheep resulted in a small increase in catecholamine concentrations, but concentrations rose markedly after occluding the umbilical cord. However, cord occlusion was associated with severe hypoxemia, acidemia, and hypercarbia in many of these lambs. Hypoxemia and acidemia are potent stimuli for catecholamine production in fetal lambs (22, 23) . Sack et a/. (24) studied the effects of cooling on FFA concentrations in lambs but did not measure catecholamine concentrations. FFA probably represent the effects of sympathoadrenal stimulation. They noted that fetal cooling produced only small increases in FFA concentrations, but cutting the umbilical cord produced a large increase in FFA. Unfortunately, they did not report specific Po2, Pco2, or pH changes associated with cutting the umbilical cord in this group of animals. It is not possible to exclude the potential contribution of hypoxia or acidemia to the observed response.
Gunn el al. (14, 15) , using a model in which the fetal lamb was cooled in taero, found that plasma catecholamine concentrations increased with cooling but rose dramatically after umbilical cord occlusion. In one of these studies, the fetuses became quite hypoxic and acidemic after cord compression. In the second study, they ventilated the fetuses with a high-oxygen gas mixture before occluding the cord. Although fetal arterial Po2 was maintained, P C O~ increased, and because hypercarbia stimulates release of catecholamines (25) , it is difficult to separate the effects of cord occlusion alone from those of hypoxemia or hypercarbia.
VAN BEL ET AL.
Certainly, occlusion of the cord in the well-ventilated fetus in trtero has only a minor influence on catecholamine concentrations (1,7). Also, Habib et a/. (26) found that, after birth of term fetal lambs, plasma concentrations of catecholamines increased only modestly to concentrations comparable to those observed in this study with fetal cooling. Although a combination of cooling and cord occlusion may be responsible for the very high catecholamine concentrations at birth, we are of the opinion that modest or severe hypoxemia, hypercarbia, and acidemia, often accompanying natural delivery, are likely the predominant causes of the marked rise in catecholamine concentrations at birth. The increase in ANP concentrations after fetal cooling could well be due to an increase in central blood volume resulting in atrial stretching, induced by peripheral vasoconstriction as indicated by the decrease in skin blood flow (Table 3) and increase in peripheral vascular resistance (Table 3) .
Cooling did not result in any change in fetal oxygen consumption in our studies. Gunn et al. (14) observed fetal hypoxemia when they cooled lamb fetuses in tctero and suggested this could be related to an increase in fetal oxygen consumption to maintain body temperature. The difference in our findings possibly can be explained by the fact that we used a muscle relaxant, succinylcholine chloride, because we wished to prevent shivering and thus observe the effects of cold on metabolic stimulation alone. Shivering causes a marked increase in oxygen consumption of the newborn lamb exposed to cold, and muscle relaxation dramatically reduces this response (13) . Although shivering was reported in fetal lambs cooled in utero (27) , using a similar model, Kawamura et a/. (16) found no change in blood flow to the carcass. Had shivering been important in affecting oxygen consumption, a considerable increase in muscle blood flow would have been anticipated. They did, however, observe an increase in brown-fat blood flow, as did we, suggesting that there is some increase in nonshivering thermogenesis, but not of a degree sufficient to increase oxygen consumption significantly. The issue of the relative roles of shivering and brown-fat metabolism in energy metabolism at the time of birth requires further exploration.
Furthermore, cooling did not result in any change of combined ventricular output, even though there was a modest increase in norepinephrine concentrations. It is thus apparent that neither cooling alone, nor the combined influence of ventilation, oxygenation, and cord occlusion (14) causes the expected postnatal increase in cardiac output. Some combination of cooling with the other events could account for the changes in cardiac output, or, possibly, the increase in cardiac output is related to other factors. In addition to the lack of change in combined ventricular output, cooling had no effect on organ blood flows, apart from a reduction in skin blood flow, particularly in the lower portion of the body. This reduction in skin flow could be related to vasoconstriction resulting from direct local effects of cold or to the increase in circulating norepinephrine concentrations. This peripheral vasoconstriction was probably responsible for the increase in arterial pressure associated with cooling. Calculated fetal total vascular resistance increased after cooling, but this increase was significant after fetal core body temperature fell.
The increase in ANP concentrations associated with surface cooling could be related to peripheral vasoconstriction, particularly of veins, resulting in an increase in central blood volume with atrial distention. We did not measure left or right atrial pressure, but blood volume redistribution is a likely cause for the change.
In summary, this study shows that exteriorization of the nearterm lamb fetus into a warm bath does not change hemodynamic, metabolic, or hormonal parameters as compared with the fetus in zrtero. Surface cooling causes tachycardia and hypertension but no changes in cardiac output or organ blood flows, apart from a reduction in skin flow. Although catecholamine concentrations increase with surface cooling, they did not reach the high levels often reported after birth, and we conclude that marked elevations of catecholamine concentrations are probably related to associated hypoxemia and respiratory or metabolic acidemia.
